Introduction
The haematophagous ectoparasite Dermanyssus gallinae (De Geer, 1778; Acari: Mesostigmata), commonly known as the poultry red mite (PRM), is the major pest of the poultry industry especially affecting laying hens (Chauve, 1998) . D. gallinae s. str. is a complex generalist species with a low host specificity (Roy et al., 2009a (Roy et al., , 2009b , and is becoming problematic due to its capacity to parasitize a wide range of domestic and wild birds, and even mammals including humans (Cafiero et al., 2008; Valiente Moro et al., 2009a; George et al., 2015) . Interestingly, recent reports in pigeons have identified a lineage different from those in poultry, D. gallinae lineage 1 (Pezzi et al., 2017) . D. gallinae requires a blood meal for moulting from protonymph to deutonymph, from deutonymph to adult and for egg-laying (Kilpinen, 2001) . In laying hens, PRM is associated with poor health status and welfare problems associated with weight gain, reduced egg laying, and anaemia causing death in severe cases of infestation (Cosoroaba, 2001) .
To date, the role of D. gallinae as a biological vector is questionable. Although its capacity as a reservoir of bacteria and viruses multiplying in the mite under field conditions has not been fully elucidated (Valiente Moro et al., 2005) , the multiplication and transovarial/ transstadial transmission of Salmonella enteritidis have been demonstrated (Valiente Moro et al., 2007) . Several reports have identified pathogenic bacteria such as Coxiella burnetii, Erysipelothrix rhusiopathiae, Listeria monocytogenes, Pasterella multocida and Spirochetes in PRM (Valiente Moro et al., 2009b; Huong et al., 2014) , demonstrating its role as mechanical vector for several pathogens (Sikes & Chamberlain, 1955; Zemskaya & Pchelkina, 1967; Ciolca et al., 1968; Shirinov et al., 1972; Petrov, 1975; Durden et al., 1993; Sommer et al., 2016) . The presence of endosymbiotic bacteria, such as Spiroplasma, Candidatus Cardinium, Schineria, Ricketsiella, and Wolbachia spp., has been also described in D. gallinae (De Luna et al., 2009; Valiente Moro et al., 2009b; Hubert et al., 2017) . The relationships between these bacterial symbionts and PRM has not been fully characterized, but it will be interesting to explore them as potential mechanisms for the control of PRM (De Luna et al., 2009) .
Recent advances in metagenomics and metaproteomics have greatly contributed to the knowledge of the complexity and diversity of the ectoparasite microbiome, and its functional implications (Carpi et al., 2011; Neelakanta & Sultana, 2013; Chandler et al., 2015; Hubert et al., 2017; Swei & Kwan, 2017; Greay et al., 2018; Hernández-Jarguin et al., 2018) . Hubert et al. (2017) were the first to characterize the microbiome of farm-collected PRM using 16S ribosomal RNA metagenomics.
In this study, we used a metaproteomics approach focused on the class alphaproteobacteria because it is a wide diverse and abundant proteobacterial group within arthropods that includes medically important vector-borne pathogenic bacteria (i.e: the genera Anaplasma, Rickettsia, Brucella) and other important symbiotic genera (i.e: Wolbachia, or symbiont-like Sphingomonas) (Walker, 2017) . In this study, we used a metaproteomic approach to identify microbial communities harboured by PRM. To date, metagenomics tools have been applied to unravel the composition of the microbial communities of mites (Hubert et al., 2017) . The innovative aspect of this study was to complement current metagenomics information at protein levels and provide new insights into potential functional implications of mite microbiota.
Materials and methods
Mite collection and protein extraction D. gallinae were collected from a free-range poultry unit in North East England. Mites were stored at 4°C within sealable plastic bags in complete darkness until used. Mites were sorted into groups: (i) engorged female adult mites (FA), (ii) non-fed female adult mites (UA), (iii) engorged proto and deutonymphs (FN), and (iv) unfed proto and deutonymphs (UN). The 1.5 ml tubes containing approximately 0.05 g of mites per sample were snap-frozen in liquid nitrogen and stored at −80°C until used for protein extraction. The mites were resuspended in ice-cold PBS (in a proportion of 10 ml per gram of mites) supplemented with cOmplete TM Protease Inhibitor Cocktail (Roche Diagnostics GmbH, Mannheim, Germany), and homogenized on ice for two pulses of 30 s each with Ultra Turrex® T 25 D-S2 with a S25N-8G dispersing element (IKA, Sataufen, Germany). After centrifugation at 5000 × g for 20 min at 4°C, insoluble material and debris were removed and soluble material was decanted and centrifuged for a second time. The resulting soluble proteins were immediately snap-frozen and stored at −80°C until used for proteomics analysis.
Proteomics data acquisition and analysis
Protein concentration was determined using the BCA Protein Assay (Thermo Scientific, San Jose, CA, USA) with bovine serum albumin as standard. Protein extracts (75 µg per sample) were on-gel concentrated by SDS-PAGE as previously described (Villar et al., 2014) . The unseparated protein bands were visualized by GelCode Blue Stain Reagent (Thermo Scientific, Waltham, MA, USA) excised, cut into 2 × 2 mm cubes and digested overnight at 37°C with 60 ng/μl sequencing grade trypsin (Promega, Madison, WI, USA) at 5:1 protein:trypsin (w/w) ratio in 50 mM ammonium bicarbonate, pH 8.8 containing 10% (v/v) acetonitrile (Shevchenko et al., 2007) . The resulting tryptic peptides were extracted by incubation with 12 mM ammonium bicarbonate, pH 8.8, and digestion was stopped by the addition of trifluoroacetic acid to a final concentration of 1%. Peptides were finally desalted onto OMIX Pipette tips C18 (Agilent Technologies, Santa Clara, CA, USA), dried-down and stored at −20°C until mass spectrometry analysis.
The desalted protein digests were resuspended in 0.1% formic acid and analysed by reverse phase liquid chromatography coupled to mass spectrometry (RP-LC-MS/MS) using an Easy-nLC II system coupled to an LTQ-Orbitrap-Velos-Pro mass spectrometer (Thermo Scientific). The peptides were concentrated on-line by reverse phase chromatography using a 0.1 × 20 mm C18 RP precolumn (Thermo Scientific, Rockford, IL, USA) and then separated using a 0.075 × 250 mm C18 RP column (Thermo Scientific) operating at 300 nl/min. Peptides were eluted using a 140-min gradient from 5 to 40% solvent B in solvent A (solvent A: 0.1% formic acid in water; solvent B: 0.1% formic acid in acetonitrile). Electrospray ionization (ESI) was done using a Nano-bore Stainless Steel emitter ID 30 µm (Thermo Scientific) interface.
Peptides were detected in survey scans from 400 to 1600 amu (1 µscan), followed by 20 data-dependent MS/MS scans (Top 20), using an isolation width of two mass-to-charge ratio units, normalized collision energy of 35%, and dynamic exclusion applied during 30 s periods.
The MS/MS raw files were searched against a compiled database containing the Uniprot alphaproteobacteria, parasitiformes and Gallus gallus databases (11,040,380, 141,928 and 29,484 entries in April 2018, respectively) together with a database created from the predicted secretome and transmembranome of D. gallinae (Schicht et al., 2013) using the SEQUEST algorithm (Proteome Discoverer 1.4, Thermo Scientific). The following constraints were used for the searches: tryptic cleavage after Arg and Lys, two maximum missed cleavages, and tolerances of 20 ppm for precursor ions and 0.05 Da for MS/ MS fragment ions. The searches were performed allowing variable Met oxidation and Cys carbamidomethylation modifications. Searches were also performed against a decoy database in an integrated decoy approach. Three biological replicates per sample were analysed. A false discovery rate <0.01 was considered as the condition for successful peptide assignments, and at least two peptides per protein in the average of the replicates per sample (including at least one proteotypic peptide) were the necessary condition for protein identification. After discarding host and mite protein assignations, peptides corresponding to the taxonomic class alphaproteobacteria were grouped by genera taxa, and matches that did not reach the genera definition were discarded. The total number of peptide spectrum matches (PSMs) for each bacterial genus was normalized against the total number of PSMs to calculate taxonomic relative abundance at genus level. Raw proteomics data are available through the Pepti-deAtlas repository (http://www.peptideatlas.org/) with the dataset identifier PASS01346.
Alphaproteobacteria taxonomic assignments and phenotype visualization
A phylogenetic pruned tree associated to a heatmap was constructed to visualize the relative abundance of the peptide assignments (PSMs) corresponding to alphaproteobacteria identifications at genus level. The heatmap and pruned phylogenetic tree were generated with the platform PhyloT (https://phylot.biobyte.de) based on NCBI taxonomy, and visualized using the Interactive Tree of Life software v4.3 (https://itol.embl. de/) (Letunic and Bork, 2011) . The alphaproteobacterial taxonomy-to-phenotype mapping was done using the platform METAGENassist (http://www.metagenassist. ca/METAGENassist/faces/Home.js) (Arndt et al., 2012) . Furthermore, metabolic interpretations of the taxonomy-to-phenotype identifications for each bacteria genera were confirmed using the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database (https://www.genome.jp/kegg/pathway.html). , 2016) . C. Tokpelaia were significantly over-represented in fed adults (FA) when compared to fed nymphs (FN) (*P = 0.034), and Sphingobium spp. were over-represented in fed and unfed adults when compared to fed and unfed nymphs (**P = 0.035, and ***P = 0.025, respectively). Shared genera are reported when bacterial genera are identified in all groups (FA, UA, FN, UN) . Specific genera are reported when bacterial genera are not identified in at least one of the groups (FA, UA, FN, UN) .
Statistical analysis
The significance of metaproteomics comparative analysis between developmental and feeding stages was calculated by comparing the average amount of PSMs per bacterial genera for each group using a paired comparison Chi 2 -test (P < 0.05) and R software package (R Core Team, 2016) . Additionally, bacterial genera distribution across the developmental stages and feeding status was visualized based on the Detrended Correspondence Analysis included in the vegan package in R software (Oksanen et al., 2018) .
Results and discussion
Metaproteomics identification of alphaproteobacteria in the microbiota of D. gallinae
The metaproteomics analysis of the PRM resulted in a total of 2837 PSMs that matched with specific bacterial genera present in the alphaproteobacteria database resulting in the identification of 122 bacterial proteins distributed among 53 genera of the alphaproteobacteria (Supplementary Data 1) . The most represented genus found in the PRM metaproteome was Sphingomonas (58 PSMs) followed by Bradyrhizobium (51 PSMs), Rhodopseudomonas (49 PSMs), Methylobacterium (40 PSMs), and Wolbachia spp. (38 PSMs). As expected, most of the bacterial genera identified by metaproteomics have been previously described in different arthropods including PRM (Supplementary Table 1 ). In terms of taxonomic relative abundance, 74% (39 out of 53) of the identified genera have been previously reported as environmental bacteria (Salter et al., 2014; Razzauti et al., 2015; Degli Esposti & Martinez Romero, 2017; Hernández-Jarguín et al., 2018) ( Supplementary Table 1 ). From these environmental bacteria, 20% (8 out of 39) have been identified in several mite species including D. gallinae, and 44% (17 out of 39) have also been Figure 1 . Phylogenetic and taxonomic abundance analyses at different feeding status and developmental stages. Phylogenetic pruned tree and associated heatmap showing the corresponding peptide assignments (PSMs) at genus level comparing fed (red coloured) to unfed (white coloured) adults and nymphs (Feeding chart) and fed adults vs. fed nymphs (red coloured) and unfed adults vs. unfed nymphs (white coloured) (Development chart). The analysis was done using a Heatmap Tool associated with a pruned phylogenetic tree generated with the platform PhyloT (http://phylot.biobyte.de) based on NCBI taxonomy, and visualized using the Interactive Tree of Life software v3.4.3 (http://itol.embl.de). Colour online.
found in arthropods other than mites, and in humans ( Supplementary Table 1 ). These genera are common members of the soil and water microbial communities that might colonize bird breeding sites, and have been described as mite surface contamination (Hubert et al., 2017) . Additionally, the genus Sphingomonas is commonly found in the microbiota of arthropods such as mites and ticks, suggesting a symbiotic role for these bacteria (Hubert et al., 2015; Gurfield et al., 2017; Hernández-Jarguín et al., 2018) . Wolbachia spp. have also been described in different arthropods with biological relevance in mites associated to cytoplasmic incompatibility in phytophagus mites (Breeuwer & Jacobs, 1996; Breeuwer, 1997) , and fecundity success in predatory mites (Weeks & Stouthamer, 2004) .
Bacteria of the Caulobacter, Ensifer, Mesorhizobium, Rhizobium, Phillobacterium, Sphingopyxis and Wolbachia genera were identified in PRM by both metagenomics (Hubert et al., 2017) and metaproteomics approaches (Table 1, Figure 1 ). However, Bartonellalike bacteria were previously identified by metagenomics as core microbiota members of D. gallinae (Hubert et al., 2017) ; nevertheless this genera was not identified herein by metaproteomics. It has been discussed previously that a metaomics approach combining multiple omics technologies provides a better characterization of the tick bacterial microbiome by increasing bacterial identification and support for identified bacteria with putative functional implications (Hernández-Jarguín et al., 2018) . However, metaproteomics may result in some peptide assignments that could result in matches that do not reach the genera definition and are therefore discarded for further analysis, a limitation that requires further analyses with amino acid sequences of peptides used for protein identity (Tanca et al., 2014; Fernández de Mera et al., 2017) .
Differences in the profile of alphaproteobacteria in the microbiota associated with development and feeding of D. gallinae Differences in bacterial microbiota composition between developmental stages and feeding status Figure 2 . Identified bacterial microbiota phenotype. The bacterial taxonomy-to-phenotype mapping was done using the platform METAGENassist (http://www.metagenassist.ca/METAGENassist/faces/Home.js). Heatmaps were generated with genera classified using PSMs relative abundance. The dendrogram was generated using the similarity measure distance Pearson's correlation, and clustering using Ward´s linkage algorithm. The heatmap displays an increase and decrease in each metabolic function in terms of genus PSMs relative abundance. Highlighted genera marked with an asterisk showed significant differences in pairwise comparisons (Chi 2 -test, P < 0.05) fully disclosed in Table 1. were observed (Table 1, Figure 1, Supplementary  Figure 1 ). These results are in accordance with previous reports in blood-feeding arthropods (Carpi et al., 2011; Hubert et al., 2017) .
After differential analysis by comparing PSMs matching each genus, Candidatus Tokpelaia were significantly over-represented in fed adults when compared to fed nymphs (P = 0.034) and Sphingobium spp. were over-represented in fed and unfed adults when compared to fed and unfed nymphs (P = 0.035 and P = 0.025, respectively) ( Table 1) . The genus C. Tokpelaia has been found within the gut microbiota of ants and mites with an attributed symbiotic role participating in the urea cycle (Neuvonen et al., 2016; Hubert et al., 2018) . Therefore, over-representation of bacteria from this genus in fed adults could be associated with the nitrogen and sulfur metabolism that occurs within the urea cycle after blood feeding (Figure 2 ). In the same way, bacteria within the genus Sphingobium participate in the carbon fixation pathway (Zhang et al., 2012) ( Figure  2 ). Altogether, these results indicate that bacteria in these two genera are differentially represented in response to mite development and feeding and, in turn, could be implicated in facilitating blood digestion in adult mites using sulfur and carbon as energy sources (Figure 2) .
Potentially pathogenic alphaproteobacteria were identified in the microbiota of D. gallinae
Other bacterial genera identified in the metaproteome of PRM include some potentially pathogenic species for birds and humans, including Neorickettsia, Inquilinus, and Roseomonas spp. (Dumler et al., 2001; Coenye et al., 2002; Wellinghausen et al., 2005; Degli Esposti & Martinez Romero, 2017) (Table 1, Figure  1, Supplementary Figure 1 ). Most of these bacteria have been reported in the microbial communities of blood-feeding arthropods, including ticks (Liu et al., 2010; Degli Esposti & Martinez Romero, 2017; Hernández-Jarguín et al., 2018) . However, their role as vectors for these bacteria has been only partially characterized in ticks (Hernández-Jarguín et al., 2018) .
Conclusion
The results of this study support the use of metaproteomics for the characterization of alphaproteobacteria associated with the microbiota of D. gallinae. Metaproteomics could be used in combination with other methods for a better identification and functional characterization of bacterial genera by a metaomics approach. The results of these studies could provide information relevant for the understanding of mite-host interactions and the development of potential control interventions.
